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Abstract 
 
In this study, environmentally friendly aqueous binder for high capacity anode materials and 
high performance silicon/hard carbon anode materials are successfully synthesized using natural 
polysaccharides. Aqueous binder using natural polysaccharides has excellent binding property as 
well as makes stable solid-electrolyte-interface layer on silicon particles so that the electrodes 
containing the aqueous binder can maintain stable cycle retention. Si-based anodes with this 
aqueous binder exhibit significantly improved electrochemical properties which show a high 
specific capacity (2010 mAh g-1) after 80 cycles. 
High performance silicon/hard carbon anode materials derived from natural polysaccharide 
show remarkable discharge/charge capability at a high current density. Nanocrystalline Si (c-Si) 
dispersed in amorphous Si (a-Si) encapsulating hard carbon (HC) has been synthesized as an anode 
material for fast chargeable lithium-ion batteries. The HC derived from natural polysaccharide was 
coated by thin a-Si layer through chemical vapor deposition (CVD) using silane (SiH4) as a 
precursor gas. The HC@c-Si@a-Si anodes showed excellent cycle retention of 97.8 % even after 
200 cycles at a 1 C discharge/charge rate. Furthermore, high capacity retention of ~54 % of its initial 
reversible capacity at 0.2 C rate was obtained at a high discharge/charge rate of 5 C. Moreover, 
LiCoO2/HC@c-Si@a-Si full-cell showed excellent rate capability and very stable long-term cycle. 
Even at a rate of 10 C discharge/charge, the capacity retention of the LiCoO2/HC@c-Si@a-Si full-
cell was 50.8% of its capacity at a rate of 1 C discharge/charge and showed superior cycle retention 
of 80 % after 160 cycles at a rate of 1 C discharge/charge. 
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CHAPTER I. INTRODUCTION 
1.1. Principle of lithium ion batteries 
 
Technology and science have been making great progress over the last few decades, which, in turn, 
significantly improved quality of our lives in many ways. In accordance with these developments, 
energy consumption has been skyrocketing and humankind encounters depletion of fossil fuel which is 
a conventional energy resource.1-3 In addition, combustion of fossil fuel accompanies large amounts of 
CO2 emission which accelerates global warming.4-7 Thus, there has been ever increasing demand for 
the new clean energy resources. Recently, tremendous researches related to green energy including solar, 
wind, and geothermal energy is being conducted.4, 6-16 Furthermore, they are believed to be one of the 
most promising alternatives energy sources. Even though these new clean energy sources can replace 
conventional fossil fuel, highly efficient and powerful energy storage devices are also necessary. For 
instance, power outage occurred across the South Korea on 15 September in 2011 and this incident, 
better known as “2011 South Korea Blackout” awakened people to importance of saving energy as well 
as need of high efficient energy storage system (EES).17  
Among various energy storage devices, lithium-ion batteries (LIBs) have become the most 
powerful energy storage devices for portable electronics including smart phones, laptops, and digital 
cameras due to their light weight, long cycle life, and environmentally friendliness since they were 
commercialized by Sony in 1991.4, 12, 18-20 The fast growing market for large scale energy applications 
such as smart electric grid system, ESS, and electric vehicles (EVs) requires higher specific energy 
density, power density, and more improved safety than before.21-22 However, current LIBs cannot meet 
those requirements and therefore, demands for development of the next generation lithium-ion batteries 
are increasing more and more.11, 18 
Lithium-ion batteries (LIBs) are one type of the rechargeable batteries. In the LIBs, lithium ions 
move from the anodes to the cathodes during discharge. Electrons also move from anodes to the cathode 
through external circuits during discharge and those electrons activate electronics which connect to the 
circuit. The lithium ions and electrons move back from cathodes to anode during charging. Figure 1.1 
shows the operation mechanism of the LIBs. The most conventional LIBs are composed of the LiCoO2 
cathodes and graphite anodes.4-5, 23-26 The following equations explain chemical reactions during the 
discharge and the charge at each electrode.4 
 
Cathodes (half reaction): LiCoO2 ⇆ Li1-xCoO2 + xLi+ + xe- (1) 
Anodes (half reaction): xLi+ + xe- + xC6 ⇆ xLiC6  (2) 
Total reaction: LiCoO2 + xC6 ⇆ Li1-xCoO2 + xLiC6  (3) 
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Figure 1.1. Schematic operating principle of a typical rechargeable LIBs.27 
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 1.2. Components in lithium ion batteries 
 
LIBs are composed of cathodes, anodes, separators, and electrolytes.18 In commercial LIBs, 
common cathode materials are metal oxides or phosphates (e.g. LiCoO2, LiMnO2, LiFePO4, etc.) 
(Table 1.1).4, 27-28 However, these metal oxides and phosphates show insufficient specific capacity and 
power densities for large scale energy applications.4 In order to overcome these problems, high 
performance cathode materials such as Li(NixMnyCo1-x-y)O2 type and Li2MnO3-stabilized LiMO2 (M 
= Mn, Co, Ni) materials have been intensively studied.4 Development of high performance anodes is 
another important issue as well. The most conventional anode material is graphite.29 However, the 
graphite anodes only exhibit a theoretical capacity of 372 mAh g-1 which is not enough for the large 
scale energy applications.30-31 Therefore, breakthrough in energy density and power density of anode 
materials has to be achieved. Lithium alloying compounds (e.g., Si, Ge, Sb, Al, Sn, etc.) are 
considered to be alternatives but still many problems such as extremely huge volume expansion 
during the charge and formation of unstable solid electrolyte phase (SEI) layer.31 Separators are also 
important component in LIBs. Polyolefin separators, including polypropylene (PP) and polyethylene 
(PE), have been commercialized due to their productivity and superior mechanical properties.32-33 
However, drawbacks including poor wetting behaviors in electrolytes, low thermal and dimensional 
stabilities at elevated temperature have to be solved.16 Electrolytes also need to be more stable at high 
voltage for high power LIBs.24 
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Table 1.1. Components of conventional LIBs1 
 
Components Materials 
Anode materials Carbon materials, Li4Ti5O12, Si, Sn, Ge, etc. 
Cathode materials Lithium metal oxide such as LiCoO2, LiMnO2, LiNiO2, LiFePO4, 
LiMn2O4, Li(Ni1/3Co1/3Mn1/3)O2, etc. 
Separators Polymer: PP, PE, PA, PVDF, PVC, etc. 
electrolytes Liquid or solution (organic solvent and lithium salt, electrolyte gel) 
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1.2.1. Anode materials 
In the early study of LIBs, many attempts were focused on lithium metal as a negative electrode 
because of its advantages including the lightest weight among metals, high theoretical specific capacity 
(3861 mAh g-1), and very low standard redox potential (-3.04 V vs. SHE).34-35 However, the most 
critical problem results from a formation of lithium dendrites during cycling.34-35 It made lithium metal 
block to commercialization for anode materials. Therefore, many studies have focused on materials 
which can react with lithium ions. Electrochemical reactions between anode materials and lithium ions 
are categorized into three types, including 1) carbonaceous materials (intercalation reaction), 2) lithium 
alloys (alloying reaction), and 3) metal oxides (conversion reaction).6, 11, 36  
Carbonaceous materials can be classified into two types, like graphite and amorphous carbon.3, 23 
Graphite is well known as a typical intercalation/deintercalation anode material.6, 34, 37 Lithium ions are 
intercalated between the layers of graphite during discharge and the reverse reaction occurs in charge. 
Graphite has been successfully commercialized in the early 1990s due to its low lithium reaction 
potential (< 0.2 V vs. Li/Li+), low irreversible capacity, and low prices. However, a low theoretical 
capacity of 372 mAh g-1 cannot meet the demand for large scale energy applications such as smart grid 
system, ESS, and EVs.6, 34, 37-38 There were several attempts to improve capacity of graphite by physical 
(heating up to 3000 oC) and chemical (chemical oxidation) methods.39 However, the treated graphite 
anodes showed still insufficient capacity for large scale energy application. In addition to graphite, 
amorphous carbon can be assorted by extent of graphitizability under the heat treatment.40 Soft carbon 
can be graphitized under heat treatment, while hard carbon is difficult to be graphitized even at high 
temperatures above 2500 oC due to its disorder.40 Hard carbons can deliver higher capacity and better 
rate capability than those of graphite due to its microporous structure.41 In spite of those advantages, 
hard carbon shows large irreversible capacity in the first cycle and large hysteresis in voltage profiles.42 
Thus, hard carbon is usually used with other anode materials via composite type or core shell 
structure.43-45 Soft carbon exhibits moderate electrochemical properties between graphite and hard 
carbon.45  
A number of metallic and semi-metallic elements in groups IV and V (e.g., Ge, Sn, Si, Al, Cd, 
Ag, and etc.) can be electrochemically alloyed with lithium at a low potential.36 These lithium alloys 
show much higher specific capacities than graphite. Among those metals, Si has been received much 
attention because of its highest theoretical specific capacity (>3580 mA h g-1 for Li15Si4), and a low 
lithium reaction potential (<0.4 versus Li/Li+).36 However, a large volume change of Si during Li 
alloying/dealloying processes causes severe pulverization and subsequent formation of unstable SEI 
layer.46-47 To overcome these problems, tremendous attempts have been proposed, including 
nanostructuring, developing of new binder, surface modification, and composite (Figure 1.2.).10-11, 14  
Transition metal oxides (MxOy , M = Co, Fe, Ni, Cu, Mn, etc.) have been investigated as anode 
materials for LIBs because they can react with lithium ions via conversion reaction.8, 11, 23, 28 Metal 
11 
 
oxide anodes can be categorized according to their reaction mechanisms: (i) conversion reaction 
mechanism (MOx, where M = Co, Fe, Cu, Ni, etc.) (ii) Li alloy reaction mechanism (e.g., SnO2) (iii) 
insertion/extraction reaction mechanism (e.g., TiO2, WO2).1, 23, 36 Even though most of the transition 
metal oxides deliver higher capacity than graphite anodes, their large-scale application is still hindered 
due to the several reason such as large initial irreversible capacity, relatively high lithium reaction 
voltage, and capacity degradation during cycling.23, 36 Nanostructuring and surface modification of the 
transition metal oxides have been developed to solve those drawbacks.23, 36 However, they cannot still 
meet the requirements of large scale energy application. Therefore, development of the higher capacity, 
rate capability, safety, and furthermore, environmentally friendly anode materials is urgently needed 
for the next generation LIBs.  
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Figure 1.2. (a) Schematic view of the preparation of Si/carbon core/shell nanowires. (b)TEM image of 
the Si/carbon core/shell nanorods obtained from first impregnation. (c) Expanded TEM image of (b). 
(d) TEM image of the Si/carbon core/shell nanowires obtained from fourth impregnation. (e) Expanded 
TEM image of (d). (f) Voltage profiles of the Si/carbon core/shell nanowires at 0.2 C. (g) Voltage 
profiles of the Si/carbon core–shell nanowires at 0.2, 0.5, 1, and 2 C.36 
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1.2.2. Cathode materials 
Lithium transition metal oxides have been used as cathode materials in the conventional LIBs.4, 
18 Primary lithium transition metal oxides for cathode materials can be categorized with their 
structures including: 1) layered structure (LiMO2, M = Co, Mn, Ni, and their combinations or 
substitutions), 2) spinel structure (LiM2O4, M = Co, Mn, Ni), and 3) polyanion structure (Lix My 
(XO4)
z (M = metal, X = W, Mo, P, Si, etc.).4-5, 18  
First, LiCoO2 (denoted as LCO) is the most successfully commercialized cathode material 
among the layered structure cathode materials.4, 11 LCO is distorted rock salt structure (a-NaFeO2) 
with successive alternating Li+ and CoO2- layers.4, 48 The lithium ions and cobalt ions are octahedrally 
coordinated with in a cubic close packed (ccp) O2 lattice.4, 48 Even though the theoretical capacity of 
LCO is 274 mAh g-1, its available reversible capacity is limited to about half of the theoretical 
capacity because it undergoes the irreversible structural change in the Li+ deficient phases.4, 11 Doping 
with the trivalent ions (e.g., Al or Cr) and coating with the metal oxides (e.g., Al2O3, ZrO2) can 
enhance the electrode performance as a result of the alleviated volume change and the suppressed 
cobalt dissolution.4, 11, 27, 49 Even though those attempts can improve the performance of the LCO, 
development of alternative cathode materials is urgent because of the high cost, toxicity, and a limited 
amount of the cobalt.4, 11 LiMnO2 and LiNiO2 were considered as the alternative of the LCO. LiMnO2 
shows very high thermal stability and LiNiO2 shows high capacity during cycling.11, 23 However, 
LiMnO2 exhibits low capacity and LiNiO2 show severe degradation of capacity during cycling 
originated from Li+/Ni2+ cation disordering.11, 23 Another approach such as LiNi0.5Mn0.5O2 shows 
more improved capacity and rate capability than LCO, but it still shows poor cycle retention at 
elevated temperature.4, 11 The lithium rich layered metal oxide cathodes ((1–x)Li2MnO3 xLiMnO2) 
have great interest due to their high capacities, reaching about 300 mAh/g.5, 23 However, large initial 
irreversible capacity is observed in the lithium rich layered metal oxide cathodes because they 
generate Li2O during the first charge.5, 23  
Second, manganese spinel oxide (LiMn2O4) has been intensively studied for replacing the LCO 
cathodes. Mn is one of the plentiful transition metals and does not have toxicity. LiMn2O4 especially 
provides good rate capability due to the 3D framework for Li+ pathway.4-5, 23 In the structure of 
LiMn2O4, Li+ are located in 1/2 octahedral sites and Mn+ occupy 1/8 tetrahedral sites in a cubic close 
packed (ccp) O2 lattice.1, 4-5 However, LiMn2O4 has several problems. The two major drawbacks are 
the dissolution of manganese ion (Mn2+) and Jahn-Teller distortion. Mn2+ in the LiMn2O4 dissolves 
in the electrolytes and moves toward the anode site at elevated temperature.50 Finally, the Mn2+ 
deposit on the surface of the anodes as metallic manganese interrupts Li+ pathways. As a result, severe 
degradation of capacity appears during cycling. Another drawback is the irreversible structural 
transition from cubic to tetragonal by Jahn-Teller distortion at deeply discharged state.51 As a result 
of the transition, actual capacity of LiMn2O4 is decreased to only 120 mAh g-1. To effectively suppress 
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dissolution of the manganese ions, several attempts such as functional binder and surface coating 
were proposed.50, 52 However, more innovative methods have to be developed. To reduce the Jahn-
Teller distortion, manganese ions in LiMn2O4 can be partially substituted with other transition metal 
ions such as Al3+, Co2+, Cr3+, Ni3+, Mg2+. Once manganese ions partially changed to those cations, the 
stability of the LiMn2O4 structure is increased. Consequently, the chance of the Jahn-Teller distortion 
is effectively reduced.28, 50-51 Another method is to replace oxygen with fluorine, which makes the 
average valence of Mn increases and finally, it leads to enhance structural stability of the LiMn2O4. 
However, a low capacity is still the major drawback of the LiMn2O4.28, 50-51 
Third, the polyanion structure (Lix My (XO4)
z (M = metal, X = W, Mo, P, Si, etc.) has received 
significant interest because of many advantages such as low cost, superior electrochemical 
performance, and safety.5, 28 The most representative polyanion cathode material is LiFePO4. LiFePO4 
has the PO4 tetrahedral with Fe2+ ions on corner-sharing octahedral sites and Li+ on edge-sharing 
octahedral sites.5, 11 LiFePO4 has many advantages including high safety, flat voltage profile, and high 
gravimetric capacity (170 mAh g-1).23-24, 36 However, poor electronic conductivity and very low 
lithium diffusivity are major drawbacks of the LiFePO4.5, 8 In order to solve those problems, 
tremendous efforts have been proposed to improve electronic and ionic conductivities of the LiFePO4 
by various methods such as doping, surface coating and nanostructuring (Figure 1.3.).5-6, 8 However, 
there are still many drawbacks such as high lithium reaction potential, low tap density in LiFePO4.1, 
11, 23  
Cathode materials are the most expensive components of LIBs.53 Therefore, development of 
more inexpensive new cathodes materials is inevitable. Moreover, the high capacity, safety, and 
environmentally friendly cathode materials have to be studied for the next generation LIBs. 
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Figure 1.3. A carbon-coated LiFePO4 nanocomposite. a) Schematic illustration of the favored electronic 
conduction and ionic diffusion. b) Transmission electron microscopy (TEM) images of the core/shell 
nanostructure. c) Discharge/charge profiles at different current densities. d) Capacity and coulombic 
efficiency as a function of the cycle number.6 
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1.2.3. Separators 
A separator is a permeable membrane, which plays an important role in preventing direct contact 
between the positive and negative electrodes.33, 54 It usually has porous structure for the Li+ 
penetration. The most conventional separator is polyolefin with semi crystalline structure.16, 32 The 
most common polymers for separators are polyethylene and polypropylene.16, 32-33, 54 Separators have 
to be electronically insulator and ionically conductor at the same time. Also, there are several 
requirements of the separators for LIBs and they can be classified into two categories, one for 
electrochemical performance and the other one for safety (Table 1.2.).  
First of all, requirements for the electrochemical performance are thickness, electrical resistance, 
permeability, pore size, porosity, and wettability.16, 32-33, 54-55 A typical thickness of separators has to 
be no more than 25 μm, because the electrical resistance is proportional to thickness of separator.16, 
33 In case of thin separator, it is easy to be torn and therefore, suitable thickness is very important for 
the separator. The electrical resistance of separation swelled by electrolyte has to be low as well.32-33, 
54 Permeability of separator is an important factor for high rate performance in LIBs.32-33, 54 
Permeability of separator is measured by Gurley time which the time is taken for air to flow through 
under uniform area and pressure.33 Commercialized separator usually shows Gurley time of <25 
s/mil.33, 54 The proper pore size has to be below tens of micrometers and smaller than particles size of 
the active materials. Typically, a suitable porosity is under 40%.32-33 Furthermore, separators should 
have good wettability with electrolytes and chemically stable against electrolyte.32-33, 54 Conventional 
polyolefin-based separators have superior mechanical properties but show poor wetting behavior and 
narrow electrochemical windows.27, 32-33, 54  
The most important thing in LIBs is safety. For this purpose, separators have to play an important 
role in safety of the LIBs. Properties of separator related to safety are thermal shrinkage, tensile 
strength, and shutdown properties. Separators should show shrinkage of <5 % shrinkage in specific 
environment (for 1 h of drying at 90 °C in vacuum) in order to prevent short circuits.32-33, 54 
Furthermore, separators also have to proper tensile strength for the same reason.32-33 The shutdown 
property is the greatest correlation.33, 54 Shut down is one of the safety function that separators cut off 
the electric circuit by blocking their micropores.32-33  
Even though separators are not active materials and do not contribute to electrochemical 
reactions in LIBs, they provide batteries with important function such as safety and performance. For 
the next generation LIBs, new separators have to surpass the performance of current commercialized 
polyolefin based separator. Furthermore, next generation separators have to be low cost and easy to 
processing. 
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Table 1.2. Requirements for Li-ion battery separators33 
 
Parameter Requirements 
Thickness (μm) ≤25 
MacMullin number ≤11 
Gurley (s/10 cm3) <35 
Wettability Complete wet-out in typical battery electrolyte 
Chemical stability Stable in battery for 10 years 
Pore size (μm) <1 
Puncture strength >300 g/25.4 μm 
Thermal stability <5% shrinkage at 200 °C 
Tensile strength <2% offset at 1,000 psi 
Pin removal Easy removal from all major brands of winding machines 
Melt integrity ≥200 °C 
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1.2.4. Electrolytes 
Electrolytes are the substance for ion conduction in LIBs and transport lithium ions from anodes 
to cathodes.6, 24 Typically, liquid electrolytes are composed of lithium salts, organic solvents, and 
additives.24, 56 There are several requirements for the liquid electrolytes.  
First, the liquid electrolytes have to be safe. Most of liquid electrolytes are based on organic 
solvents which are flammable at elevate temperature.57-59 From the safety point of view, ignition and 
flash points of electrolytes have to be as high as possible. Furthermore, a low toxicity is also important 
for the liquid electrolytes.58  
Second, the liquid electrolytes have to show a high ionic conductivity, since the ionic 
conductivity influences the battery performance. The proper level of ionic conductivity in liquid 
electrolytes is higher than 10-3 S cm-1.59-60  
Third, the operating temperature of electrolytes has to be wide.57-58 Portable devices are usually 
working at the temperature range between –20 °C and 60 °C.33, 57-58 However, since large scale 
applications such as electric vehicles need wider temperature range than conventional portable 
electronics, development of new electrolytes is required. 
Fourth, liquid electrolytes have to maintain a high chemical stability as well as electrochemical 
stability (Figure 1.4).57-58, 61-62 Liquid electrolytes have to be stable in the operating potential ranges 
of LIBs. Furthermore, liquid electrolytes should not react with cathode materials, anode materials, 
and other components. 
Last, a proper dielectric constant (ε) and a viscosity of liquid electrolyte are also important 
factors.63 Dielectric constant affects lithium dissociation. If solvent has higher dielectric constant, 
lithium dissociation becomes easier. However, a high dielectric constant results in a high viscosity, 
leading to decrease of ionic conductivity. 
In order to meet those requirements, each component such as solvents, additives, lithium salts 
should have a suitable function. Furthermore, the electrolytes should have wider operating potential 
and temperature ranges than those of conventional liquid electrolytes for the next generation LIBs. 
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Figure 1.4. The selection of electrolyte solutions for Li-ion batteries. (a) The family of alkyl carbonate 
solvents. (b) A schematic presentation of the electrochemical windows of various solvent families with 
tetra alkyl ammonium (TAA) salts. (c) Schematic presentation of the electrochemical windows of Li 
salt solutions in various solvent families. 6 
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CHAPTER II. NATURAL POLYSACCHARIDE BINDER FOR HIGH PERFORMANCE OF 
MACROPOROUS SILICON ANODES 
 
2.1. Introduction 
 
Currently, lithium-ion batteries (LIBs) have attracted a great amount of attention as energy storage 
devices because of their numerous advantages, such as having a high operation voltage, a high energy 
density, and a light weight.[1-3] However, conventional carbonaceous anodes in LIBs show insufficient 
theoretical capacity (<372 mAh g-1) for large-size electric devices, such as plug-in hybrid electric 
vehicles (PHEVs), hybrid EVs, EVs, and energy storage systems.[4,5] 
To replace carbon-based anode materials, metal alloying (e.g., Si, Ge, Sn, Sb, etc.) anodes have 
been widely studied due to their higher specific capacity.[6-10] Among them, Si has several advantages, 
including the highest theoretical gravimetric capacity (>3580 mAh g-1 for Li15Si4), a relatively low 
reduction potential (<0.4V versus Li/Li+), and a low cost. In addition, Si is the second most abundant 
material in nature and is environmentally friendly.[11-13] Hence, Si is a promising electrode material for 
next generation LIBs. Extremely large volume change (>300%), however, is accompanied during the 
lithium insertion/extraction process, which leads to a serious degradation of electric contact between 
active materials and conducting agents as well as current collector.[14] Also, the huge volume change 
makes it difficult to form a stable solid electrolyte interphase (SEI) layer which is a critical factor for 
stable cycling.[15-17]   
A rich variety of strategies have been proposed to solve these problems using nanostructured 
concepts (e.g., nanoparticles, nanowires, nanotubes, hollow structures, etc.) and optimization of 
electrode designs (e.g., three-dimensional (3D) current collector, binder-free system, carbon/Si 
composites, etc).[18-21] However, nanostructured Si has several disadvantages including: (i) a serious 
side reaction with electrolyte due to a large surface area, leading to poor cycling and high irreversible 
capacity, (ii) lower volumetric energy densities resulting from a low packing density, (iii) a low yield 
(<10%) via complicated synthetic step from high cost Si precursors, and (iv) safety issues due to nano-
sized particles. Therefore, a combination of micro-/nanostructures, such as macro-scale Si with nano-
sized pores, micro-scale assembly of nanoscale hollow Si, and dispersion of nano-sized Si within 
inactive micro-particles, is a desirable strategy for practical LIB applications. [12,20,22-24]   
As another critical issue, development of a stable SEI layer and a strong adhesion between 
electrodes and current collector are very important as well, in order to maintain a long cycling life. Thus, 
the choice of a suitable binder is a significant issue in Si-based anodes. The most conventional binder, 
poly(vinylidenefluoride) (PVdF), has been used for conventional carbonaceous anodes due to its low 
volume change (~10%).[25] However, Si undergoes a large volume change (>300%) during the cycling, 
and thus linear-type PVdF binder with tensile strength of ~22 MPa cannot ensure good cycling 
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performance to Si-based anodes.[26-28] The use of several environmental friendly aqueous binders 
showed an improved cycle performance for Si-based anodes in LIBs. Li et al. suggested that Si 
nanoparticle electrode using carboxymethyl cellulose (CMC) binder showed improved cycle 
performance and coulombic efficiency compared to an electrode containing PVdF binder. [26] 
Magasinski et al. reported that carbon-coated Si anodes with poly(acrylic acid) (PAA) binder exhibited 
better performance for long-term cycles and a fairly high coulombic efficiency than Si anodes with 
CMC binder.[29] Kovalenko et al. used alginate form extracted from a natural resource, brown algae, as 
a binder in Si nanoparticle anodes and gained a high capacity and a stable cycle.[30] Han et al. fabricated 
the Si–graphite composite electrode with low binder content using partially using the partially NaOH-
neutralized PAA binder and showed improved cycleability.[31] Recently, Koo et al. applied a cross-
linked polymeric binder consisting of PAA and CMC to Si nanoparticles and minimized the degree of 
volume expansion of electrodes (~10%).[32] However, these strategies were applied to Si nanoparticle 
anodes which make it difficult to be used in practical LIBs due to a low energy density and also safety 
issues related to the nanoparticles. 
Herein, we demonstrate multi-functionalities of natural polysaccharide, agarose, which acts as 
binder and carbon-coating source of micron-sized macroporous Si active materials. Wrapping of Si 
particles by agarose hydrogel and subsequent low temperature carbonization (~400 oC) leads to a 
formation of carbon-coated Si particles. When the agarose hydrogel is used as binder of the carbon-
coated Si electrodes, highly porous electrodes are fabricated upon drying. The combination of 
macroporous Si and microporous binder enables to minimize a volume expansion of the electrodes, 
resulting in a significant improvement of electrochemical properties, including a high specific capacity 
(2010 mAh g-1) and a stable cycling (80 cycles). 
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2.2. Experimental 
 
2.2.1 Synthesis of the 3D Porous Silicon 
Commercially available Si power (2~30 μm, 99.9%) was purchased from High Purity Chemical. 
For a typical etching process, 10 g Si powder was immersed in a solution of 5 M hydrofluoric acid (HF) 
and 15 mM copper sulfate (CuSO4) at 50 °C for 24 h to synthesize 3D porous Si particles. After chemical 
etching, Cu nanoparticles were completely removed by concentrated HNO3 at 50 °C for 2 h and rinsed 
with a copious amount of deionized water, and then dried in a convection oven at 120 °C for 2 h. For 
carbon coating of the chemically etched Si particles, the 3D porous Si powder was immerged in 5 wt% 
agarose solution and the solution was stirred at 90 °C for 2 h. Subsequently, the Si particles wrapped 
with agarose hydrogel were dried in a convection oven at 70 °C for 24 hrs. After drying, the Si/hydrogel 
was heated to 250 oC to stabilize the structure, and, subsequently, carbonized at 400 oC for 1 h. The 
carbon contents were measured by an elemental analyzer (Flash EA 1112, Thermo Electron Corp.). 
 
2.2.2 Characterization of the 3D macroporous Si particles and electrodes 
Bare Si, porous Si, and carbon-coated Si were characterized by a scanning electron microscope 
(SEM, Nano SEM 230, FEI) operating at 10 kV. The crystalline structures of as-synthesized, chemically 
etched, and carbon-coated porous Si particles were measured by a high power X-ray diffractormeter on 
a Rigaku D/MAX at 2500 V. Raman spectra were obtained from a JASCO spectrometer (NRS-3000) 
to investigate the characteristics of the carbon coating layer using a He-Ne laser operating at λ = 632.8 
nm. The nitrogen adsorption and desorption isotherms were measured with a VELSORP-mini II (BEL 
Japan, Inc.) at 77 K in the relative pressure range of P/P0 from 0.05 to 0.3 to determine the BET surface 
areas and pore size distribution. Electrodes with different binder were characterized by a SEM. X-ray 
photoelectron spectroscopy (XPS) analysis is performed on a Thermo Scientific K α spectrometer 
(monochromatic AlK α, 1486.6 eV). Total reflectance–Fourier transform infrared (ATR-FTIR) spectra 
of electrodes were recorded in reflectance measurements using a Varian 670-IR spectrometer with a 
spectral resolution of 4 cm-1 under a nitrogen atmosphere. 
 
2.2.3 Electrochemical tests 
For the electrochemical tests of Si electrodes, the anodes were composed of porous Si powder, 
carbon black (super P), binder (6:2:2 weight ratio). The agarose (Aldrich) contents in binder were varied 
from 0 % to 100 wt%. Poly(acrylic acid) (PAA, weight average molecular weight of 250 kg/mol, 
Aldrich) contents in binder were varied in the same way. The coin-type half cells (2016R-type) 
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consisted of lithium metal as the counter electrode, a polyethylene separator, and 1.3 M LiPF6 in 
ethylene carbonate/diethyl carbonate (EC/ DEC, 3/7 v/v) with 5 wt% fluoroethylene carbonate (FEC) 
as the electrolytes. The first Li insertion and extraction capacities were measured at a rate of C/20. The 
coin cells were cycled at a rate of C/10 to 5 C between 0.01 and 1.2 V. For impedance measurement, 
AC complex impedance analysis with an IVIUM frequency response analyzer was used over a 
frequency range of 10 mHz to 1 MHz. 
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2.3. Results and discussion 
 
Three-dimensional (3D) macroporous Si particles were synthesized by a one-step Cu-assisted 
chemical etching of the commercially available bulk Si powder (~10 μm) (see Figure 2.1a and b). 
Typically, bulk Si particles were immersed in a mixture of 5M hydrofluoric acid (HF) solution and 15 
mM CuSO4 with a mild stirring at 50 °C for 24 h. The Cu-assisted chemical etching is much less 
expensive method compared to other novel metal (Au, Pt, Ag, etc) assisted etching.[33] The nitrogen 
adsorption isotherm of 3D macroporous Si powder is shown in Figure 1f. Brunauer-Emmett-Teller 
(BET) surface area of macroporous powders particle was 10.37 m2 g-1. Barrett-Joyner-Halenda (BJH) 
plot shows that the macroporous Si particles have an average pore size of hundreds-of-nanometer (see 
Figure 2.2a). This result is different from Ag-assisted chemically etched Si powder reported in our 
previous work.[23] It may be attributed to a low reduction potential (0.337 V versus the normal hydrogen 
electrode (NHE) of Cu. That is why the reduction and deposition rate of Cu is slower than Ag, and thus 
large Cu nanoparticles are deposited on the Si surface, resulting in the formation of macroporous Si 
particles during chemical etching (Figure 2.3). As intrinsically low electrical conductivity of Si can be 
significantly improved by carbon coating, the as-synthesized porous Si particles were coated with a thin 
carbon layer using agarose as a carbon source (Figure 2.1c).[24] After carbon coating, the surface area 
and pore size of macroporous particles decrease due to a conformal coating of the carbon layer (Figure 
S1c and d). According to the themogravimetric analysis (TGA), the carbonization of agarose is 
completed even at a low temperature of ~400 °C (Figure 2.2b). Thus, the agarose wrapped porous Si 
particles is completely converted to carbon coated Si particles by a carbonization process at 400 °C for 
1 h in a tube furnace.  
The Raman spectra of the carbon coated macroporous Si particles showed the peaks at ~520 cm-1 
and ~1040 cm-1 which are in agreement with typical Si peaks, while the peaks at 1350 cm-1 and 1596 
cm-1 correspond to the D band and the G band, respectively. The ratio of the D band to the G band was 
estimated to be 2.11, indicating an amorphous carbon (Figure 2.1e).[34] It should be noted that carbon 
quality of agarose carbonized at 400 oC and 900 oC is quite similar each other (Figure 2.4). This result 
is similar to a thermal decomposition method of acetylene gas that was carried out at 900 °C in a tube 
furnace.[23] The amount of the deposited carbon layer was measured as 6 wt% by elemental analysis. 
For comparison, the X-ray diffraction (XRD) patterns of chemically etched and carbon coated porous 
Si powder showed that all peaks were assigned to a typical bulk Si powder. The Cu-assisted etching 
and carbon coating process did not affect to the crystalline structures of the original bulk Si (Figure 
2.1d).   
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In addition to the role of agarose as a carbon source, it can be applied to polymeric binder for 
macroporous Si anode materials. The microporous binder was fabricated by a condensation reaction 
between hydroxyl groups in agarose and carboxylic acid groups of added poly(acrylic acid) (PAA) at 
150 °C for 2 h in vacuum. To prevent an unfavorable reaction between hydroxyl groups and PF5 from 
LiPF6 (LiPF6 ↔ LiF+PF5) at elevated temperatures, a certain amount of PAA was added before heat 
treatment.[32, 35] Requirements of binders for Si anodes are as follows: (i) a minimized degree of swelling 
against electrolyte, (ii) good adhesion between not only electrode and current collector, but also the 
interface between binder and Si active materials, and (iii) a formation of a stable SEI layer.[29] 
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Figure 2.1. Top: schematic illustration showing synthetic route of carbon-coated macroporous Si. As-
synthesized porous Si particles were coated with a thin carbon layer via carbonization of agarose at low 
temperature. Bottom: SEM images of (a) bulk Si, (b) chemically etched Si, and (c) carbon-coated etched 
Si. (d) XRD patterns of the bulk Si samples, chemically etched Si, and carbon-coated etched Si. (e) 
Raman spectra of carbon-coated etched Si. (f) BET measurement of the macroporous Si particles. 
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Figure 2.2. (a) Pore size distribution of 3D macroporous Si particles. (b) TGA curve of as-synthsized 
agarose film. (c) BET data and (d) pore size distribution of the carbon-coated porous Si particles. 
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Figure 2.3. SEM images of (a) the Ag and (b) the Cu deposited bulk Si particles at the same deposition 
condition. The Cu nanoparticles on the Si surface are much bigger than Ag particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Raman spectra of the agarose carbonized at 400 oC (black line) and 900 oC (red line). 
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To confirm an effective cross-linking of agarose/PAA used in this study, we conducted a swelling 
test of the binder in ethylene carbonate/diethyl carbonate (EC/DEC, 3/7 (v/v)) with 1.3 M LiPF6 and 5 
wt% fluoroethylene carbonate (FEC) as the electrolytes at 60 °C for 18 h. Thickness changes of the 
electrodes with 40 wt% agarose and 60 wt% PAA binder (denoted as A40) was the smallest compared 
to a pure agarose binder (denoted as A100) and pure PAA binder (denoted as A0) (Figure 2.5 and Table 
2.1). These results showed that the A40 electrodes were effective cross-linked between agarose and 
PAA, resulting in minimization of swelling in the electrolyte. Figure 2.6 shows Fourier-transform 
infrared (FT-IR) spectra of three electrodes (A0, A40, and A100). The C=O stretching band of COOH 
in PAA appeared at 1700 cm-1 in the A0 and the A40 electrodes. The peaks of ~1050 cm-1 shown in all 
electrodes correspond to CO asymmetric vibration of ether (agarose) and ester (PAA). The A0 
electrodes show a broad peak at ~3430 cm-1 that is assigned to the hydroxyl group of agarose. Whereas, 
this broad band at 3430 cm-1 disappears in the A40 electrodes. It is attributed to the condensation 
reaction between the hydroxyl moieties of agarose and PAA carboxylic moieties at 150 °C for 2 h in 
vacuum (Figure 2.6b). Therefore, the thickness change of the A40 electrodes in electrolytes is 
minimized. To further prove the effect of agarose/PAA binder on the volume change of three electrodes 
upon lithiation, we investigated the thickness variation of the A0, A40, and A100 electrodes at a fully 
lithiated state (Figure 2.7). The A0 electrode was delaminated from a Cu current collector and 
underwent a large volume expansion of ~80 %. In contrast, the agarose (A100) as well as agarose-PAA 
(A40) binders effectively alleviated the volume change (<40%) of Si electrodes. Since agarose is 
formed to hydrogel at a low concentration (2% (w/v)),[36] As-synthesized hydrogel contains a large 
amount of the water so that highly porous electrodes can be made upon drying the hydrogel containing 
Si particles (Figure 2.8 and Table 2.2). Accordingly, thickness changes of A40 and A100 electrodes 
were greatly decreased to < 40 %, even though the micrometer-sized macroporous Si particles were 
used as active materials instead of the Si nanoparticles. In addition, since a native oxide layer on the Si 
surface reacts with the free carboxylic acid of PAA and forms covalent ester bonds between the Si 
particles and the binder, agarose/PAA (A40) binder may strongly anchor to Cu foils as well as Si surface, 
as indicated in the previous study of PAA-containing polymeric binder.[32] 
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Figure 2.5. Thickness change of the electrodes with different binders before and after swelling test in 
the electrolyte. The pristine electrodes with (a) PAA binder (A0), (c) agarose PAA binder (A40), and (e) 
agarose binder (A100). The electrode with (b) PAA binder (A0), (d) agarose PAA binder (A40), (f) 
agarose binder (A100) after swelling test in the electrolyte at 60 °C for 18 h. 
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Table 2.1. Binder composition of the electrodes 
 
 
 
 
 
 
 
 
 
 
 
 
 
Electrodes Agarose (wt%) PAA (wt%) 
A0 0 100 
A20 20 80 
A40 40 60 
A60 60 40 
A80 80 20 
A100 100 0 
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Figure 2.6. (a) FT-IR spectra of the electrodes prepared with three different binders. (b) Schematic 
illustration showing cross-linking process between agarose and PAA binder. 
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Figure 2.7. SEM images of three electrodes showing thickness change before ((a) A0, (c) A40, and (e) 
A100 electrodes) and after fully lithiation to 0.005 V((b) A0, (d) A40, and (f) A100 electrodes). 
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Figure 2.8. SEM images of the electrodes with (a) PAA binder (A0), (b) Agarose PAA binder (c) 
Agarose binder. 
 
 
 
 
Table 2.2. BET surface area, mass loading and electrode thickness of the electrodes with different 
binders 
 
Electrodes 
Specific surface area 
(m2 g-1) 
Mass loading       
(mg cm-2) 
Electrode thickness 
A0 11.42 ~1 15 
A40 14.15 ~1 19 
A100 18.46 ~1 24 
 
 
 
a cb
40 
 
On the basis of swelling and volume expansion tests, we can expect that the A40 electrodes will 
exhibit better electrochemical properties than other electrodes. The A40 electrodes showed the highest 
initial coulombic efficiency (ICE) of 89.8 % (Figure 2.9a). Furthermore, superior capacities of 3090 
mAh g-1 and 3441 mAh g-1 for the first cycle charge (delithiation) and discharge (lithiation) were 
obtained as well (Figure 2.9a). Although the A0 electrodes showed a low swelling degree in electrolytes, 
it showed much lower charge capacities of 2667 mAh g-1 than the A40 electrodes because of poor 
adhesion with Cu current collector (Figure 2.9a). This different electrochemical performance between 
A0 and A40 electrode was noticeable during cycling. The A40 electrodes showed the best capacity 
retention behavior during cycling compared with other electrodes at a rate of 0.1 C (Figure 2.9c). In 
contrast, the A0 electrodes showed lower specific capacity at each cycle number than A40 electrodes 
at a rate of 0.1 C (Figure 2.9c).  
XPS spectra obtained from A0, A40 and A100 electrodes after first Li insertion and extraction 
process show the difference of the characteristics of the SEI formed on electrodes (Figure 2.10). The 
C1s and O1s XPS spectra clearly exhibit that the relative fraction of aliphatic carbon (CHx; 284.8 eV), 
ethers (-C-O-C; 286.5 eV), and carbon of carboxyl (O-CO; 288.7 eV), and carbonate (O-CO2-; 290.2 
eV) in the SEI on the A40 electrode was reduced compared to other electrodes (Figure S5). The F1s 
spectra of Figure S5 show that the peak intensity assigned to LiF at 685.5 eV greatly increases in the 
SEI formed on the A40 electrodes. For comparison, discernibly reduced peak intensity corresponding 
to LiF and increased fraction of aliphatic carbon, ethers, and carboxylate/carbonate in the SEI were 
observed for the A100 electrodes. These results are persuasive evidence that A40 binder (40 wt% 
agarose/60 wt% PAA) helps the formation of the SEI composed of LiF and less organic species. The 
chemical nature of the binder is thought to be thus critically important parameter that influneces cycling 
performances of the Si electrodes. 
To better understand resistance of the SEI layer of electrodes with different binders, 
electrochemical impedance spectroscopy (EIS) was carried out at the fully lithiated state of electrodes. 
All measurements were taken at the same state of charge when open circuit potentials of the electrodes 
reached to 1.1 V. All the Nyquist plots of the electrodes are composed of one depressed semicircle in 
the high frequency region on account of SEI film resistance (RSEI), the other depressed semicircle in the 
middle frequency region is attributed to charge transfer resistance (Rct), and a sloped line in the low 
frequency result from Li+ diffusion.[37-39] SEI resistance of the A0 electrode is 50 Ω which is much larger 
than A40 electrodes (35 Ω) (Figure 2.9b). From those results, we can explain that the A0 electrodes 
consisting of PAA binder with high degree of swelling in electrolyte have relatively high SEI resistance, 
leading to a low specific capacity during cycling. Another reason for capacity drops of the A0 electrodes 
are low adhesion between electrodes and current collector foil. The electrodes with only PAA binder 
was densely packed with active materials and conductive agent. During the Li insertion, an extremely 
high strain of the micrometer-sized Si particles is applied to electrodes, resulting in delamination at 
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some parts of the electrodes from current collector. In particular, at high current density, the A0 
electrode exhibited a quite low capacity of ~1500 mAh g-1 at a high current density of 5 C 
(corresponding to 10 Ah g-1) (Figure 2.9d). In contrast, the A40 electrode maintained a high specific 
capacity of ~2350 mAh g-1 even at a high current density of 5 C (Figure 2.9d). 
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Figure 2.9. Electrochemical evaluation of the macroporous Si electrodes with different binder. (a) First 
cycle voltage profiles of the porous Si anodes with different binder at C/20 rate between 0.005 and 2.0 
V in coin-type half cells, b) Impedance spectra of A0 and A40 electrodes after the first cycle. c) Cycling 
performances of A0, A20, A40, A60, A80, and A100 electrodes for 80 cycles at a rate of C/10. d) Rate 
capabilities of the A0 and A40 electrodes at 0.1-5 C rates. 
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Figure 2.10. The C1s, O1s, and F1s XPS spectra of (a) A100, (b) A40, (c) A0 electrodes after first 
cycle. 
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2.4. Conclusion 
 
We demonstrated the fabrication of highly porous electrodes composed of Cu-assisted chemically 
etched 3D macroporous Si particles and microporous natural polysaccharide binder. The synthetic 
process of the macroporous Si particles via Cu-assisted chemical etching is a milestone for the large-
scale industrial production. In addition, agarose which is one of the environmental friendly natural 
polysaccharides, acts as a carbon source and binder to increase electrical conductivity of active materials 
and improves the electrochemical properties. Also, the cross-linked binder effectively covered 
macroporous Si particles with strong adhesion providing high porosity in the electrodes, exhibiting 
much improved reversible capacity (about 2350 mAh g-1) at a high current density (10 Ah g-1) and high 
ICE of 89.8 %. Those processes can be further extended to conventional carbonaceous, various metal 
alloying anodes. 
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CHAPTER III. NOVEL DESIGN OF ULTRA-FAST SILICON ANODES FOR LI-ION 
BATTERIES  
 
3.1. Introduction 
 
Recently, growing interest in electric vehicles (EVs) due to rapidly rising price of petroleum and 
growing concern of global warming has brought attention to the lithium-ion batteries (LIBs) more and 
more.1 However, conventional graphite anodes, which are the most widely used anode material in LIBs, 
cannot deliver sufficient theoretical capacity (< 372 mAh g-1) and  meet the requirements for 
increasing mobility and high energy demands.2,3 Therefore, alternative anode materials with high 
energy and high power density are urgently needed for the next generation LIBs.  
Among the promising anode materials which have been studied in recent years, silicon (Si) has 
attracted considerable interest as an anode material for the next generation LIBs owing to its several 
advantages including: a) the highest theoretical gravimetric capacity (3580 mAh g-1 for Li15Si4 at room 
temperature), b) a relatively low lithium reaction potential (< 0.4 vs. Li/Li+), c) a low cost, and d) 
environmentally friendliness.4-6 However, the insertion of Li+ into Si leads to large volume expansion 
of >300% at fully lithiated state (Li3.75Si at room temperature).1,7,8 This huge volume expansion causes 
destruction of its structure and generates secondary particles which are delamination from the current 
collector or from other conductive phases (conductive agent or binder).9 Moreover, continuous 
destruction of Si during cycling impedes formation of stable solid electrolyte interphase (SEI) layer 
which inhibits further electrolyte decomposition.6 Consequently, serious capacity degradation of Si 
appears at the early cycles.  
To solve above problems, tremendous efforts have been proposed such as designing Si 
nanostructures (e.g., nanoparticles, nanowires, nanotubes, etc.) and their composites with others (e.g., 
metal oxide, carbonaceous materials, inactive metals, etc.).8,11-18 In particular, nanostructured Si/C 
composites and core-shell structures combine high capacity provided by Si with the high electrical 
conductivity, long cycle life, and good rate performance by carbon.19-25 
Meanwhile, amorphous Si (a-Si) has also intensively studied as an anode material for the next 
generation LIBs because of its large critical size for fracture and lithiation reaction velocity comparable 
to the crystalline Si (c-Si).26-30 Cui’s group recently demonstrated that the lithiation/delithiation kinetics 
of a-Si nanospheres were observed by in-situ transmission electron microscopy (TEM).31 According to 
their results, the critical size for destruction of a-Si is much larger than c-Si and the lithiation reaction 
velocity is not slow as c-Si. These results suggest that a-Si undergoes smaller physical transformations 
than c-Si during the first cycle. Tritsaris et al. calculated energy barriers for the lithium diffusion in a-
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Si and confirmed that a-Si have several pathways of relatively lower energy barriers (<0.5 eV) for the 
lithium diffusion than c-Si.29 Therefore, use of a-Si can be more reasonable choice for the next LIBs.  
Herein, we demonstrate a novel design of Si/C composite material consisting of the c-Si 
nanodomains dispersed in a-Si encapsulating hard carbon (HC). We successfully synthesized hard 
carbon by a simple carbonization process of natural polysaccharide, agarose, and demonstrate the 
superior electrochemical performance of HC, compared to natural graphite anodes. Subsequently, we 
adopt thin a-Si layer on the HC surface using silane gas via CVD process and followed by carbon 
coating on the surface of HC/a-Si composite. During the carbon coating, a-Si was partially converted 
nano-sized c-Si domains which were uniformly dispersed in a-Si. This HC@c-Si@a-Si core-shell 
structure delivers a specific capacity of ~54% even at high rate of 5 C discharge/charge compared to 
reversible capacity at 0.2 C and maintains long term cycle stability with 97.8% (compared to the first 
cycle) of capacity retention after 200 cycles at a rate of 1 C discharge/charge. Furthermore, capacity of 
the LiCoO2/HC@c-Si@a-Si full-cell at a high rate of 10 C discharge/charge is approximately half 
(50.8%) of its capacity at a rate of 1 C discharge/charge and shows more stable cycle retention of 80 % 
after 160 cycles at a rate of 1 C discharge/charge. 
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3.2. Experimental 
 
 3.2.1 Synthesis of hard carbon  
Agarose was purchased from Sigma-Aldrich. 5 wt% of agarose aqueous solution was prepared by 
stirring at 90 °C for 1 h. The solution became transparent and then it was moved to a petri dish for 
cooling at room temperature for 1 h. The resultant product was dried at 70 °C in a convection oven for 
12 h. Subsequently, carbonization process of the agarose was conducted in a quartz tube furnace and 
ramping rate is 5 °C min-1. The dried agarose film was heated to 200 °C for 1 h under argon atmosphere 
for stabilization. After the stabilization, temperature increased to 900 °C for 1h to enhance electrical 
conductivity and to increase the carbon quality. 
 
 3.2.2 Synthesis of HC@c-Si@a-Si  
Amorphous Si (a-Si) was deposited on the HC through chemical vapour deposition using silane 
(SiH4) as Si precursor. The HC particles were placed in a tube furnace and heated to 550 ˚ C at a ramping 
rate of 5 °C min-1. Once the temperature reached to 550 ˚C, SiH4 (5% diluted in argon) was introduced 
into a tube furnace for 36 min with feeding rate of 50 sccm. In order to make stable SEI layer and 
increase electrical conductivity of HC@a-Si, carbon coating was conducted using acetylene gas. As-
synthesized HC@a-Si particles were heated to 900 °C at a ramping rate of 10 °C min-1 in a quartz tube 
furnace under argon atmosphere. After temperature reached to 900 °C, we switched the gas in the tube 
furnace with acetylene gas (10% diluted in argon) and carbon coated on the surface of HC@a-Si for 3 
min with 150 sccm. 
 
 3.2.3 Synthesis of HC/n-Si composite  
Si nanopowder (~200 nm particle size, Sigma-Aldrich) was carbon coated in the same way of 
HC@a-Si and mixed with HC (Si/HC = 20/80, wt/wt). 
 
 
 3.2.4 Physical characterization  
HC, HC/n-Si, HC@n-Si@a-Si were characterized by a scanning electron microscope (SEM, 
S4800, Hitachi) operating at 10 kV. The crystalline structure of HC and HC@n-Si@a-Si were analysed 
with a powder X-ray diffractometer (MPD) using Cu Kα radiation (λ=1.54056 Å) between 10° and 90° 
at a scan rate of 0.01° s−1. Raman spectra were obtained from a JASCO spectrometer (NRS-3000, 
WITec) to investigate the characteristics of the HC and HC@n-Si@a-Si using a He-Ne laser operating 
at λ = 632.8 nm. A dual-beam focused-ion beam (FIB, Helios Nanolab 450HP, FEI) was operated by 
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using Ga ions to observe the cross-section of the HC@n-Si@a-Si samples. To characterize the 
morphologies of the HC@n-Si@a-Si and carbon coated n-Si, high resolution transmission electron 
microscope (HR-TEM, JEOL, JEM-2100F) operating at 200 kV. Elemental analysis was conducted on 
elemental analysis instrument (Thermo Scientific, Netherlands). 
 
 3.2.5 Electrochemical measurements  
Electrochemical test was performed using coin-type half and full cells (2016 R-type) assembled in 
an argon-filled glove box. The anodes (HC, n-Si/HC, HC@n-Si@a-Si) were composed of active 
materials, super P carbon black, poly(acrylic acid)/sodium carboxymethyl cellulose (50/50 wt%/wt%, 
Aldrich) binder at a weight ratio of 80:10:10. The resulting slurry was coated on a Cu current collector 
and dried in a vacuum at 150 °C for 2 h. The mass loading of active materials were ~5 mg cm-2 for HC 
and ~3 mg cm-2 for n-Si/HC and HC@n-Si@a-Si. LiCoO2 cathodes were fabricated by coating an N-
methyl-2-pyrrolidone (NMP, Aldirch)-based slurry comprising 95 wt% of LiCoO2, 3 wt% of PVDF 
binder, and 2 wt% of super P carbon black on an aluminium current collector and the mass loading of 
LiCoO2 was ~9 mg cm-2. The coin-type half cells consisted of lithium metal as a counter electrode, a 
polyethylene separator, and 1.3 M LiPF6 in ethylene carbonate/diethyl carbonate (EC/ DEC, 3/7 v/v) 
with 10 wt% fluoroethylene carbonate (FEC) as the electrolytes. The coin-type full cells consisted of 
synthesized anodes, LCO cathodes, and the same electrolytes and separator with half cells. The cell 
performance was examined using a cycle tester (Wonatech). The coin-type half cells were cycled at a 
rate of 0.2–20 C between 0.01 and 2 V, whereas coin-type full cells were cycled at a rate of 0.5–5 C 
between 2.3 and 4.1 V. The loading levels of active materials were 1.8 mAh cm-2 (anodes) and 1.5 mAh 
cm-2 (cathodes). The AC impedance (frequency range = 10 mHz to 1 MHz at an amplitude of 10 mV) 
and cyclic voltammetry (scan rate = 0.1 mV s−1 under 0–2 V) of cells were obtained using a 
potentiostat/galvanostat (VSP classic, Bio-Logic). 
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3.3. Results and discussion 
 
 3.3.1. Synthesis of the hard carbon from natural polysaccharide  
Hard carbon (HC) was synthesized via a simple carbonization process (900 oC for 2 h in argon 
environment) of agarose hydrogel (Figure 3.1a). Agarose is one type of the natural polysaccharides that 
are easily extracted from seaweeds and also environmental friendly material. The molecular structure 
of agarose is quite similar to that of cellulose which delivers microporous structure during carbonization 
process.32 
Scanning electron microscopy (SEM) image of as-synthesized HC is shown in Figure 3.1b. The 
micrometre-sized HC particles show flake-type structure. The X-ray Diffraction (XRD) pattern of the 
HC shows the diffraction peaks at 22.5° and 43.5° which correspond to the lattice planes (002) and (100) 
of the amorphous nature of obtained materials, respectively (Figure 3.1c).33 The inter-layer spacing of 
the HC is about 0.390 nm (corresponded to (002)) which is the larger interlayer spacing compared to 
pure graphite carbon (about 0.33 nm), which is considered to be favourable for lithium insertion and 
extraction, maintaining the structural durability of an electrode during cycles.32,34  
To investigate the carbon quality of the HC particles, we obtained Raman spectrum (Figure 3.1d). 
The HC exhibits two peaks at around 1350 and 1585 cm-1, which are attributed to the D and G bands of 
carbon, respectively.20,35 The D band corresponds to the structural defects and disorder of carbon, while 
the G band corresponds to the stretching vibration mode of graphite crystals.33 The D band is not 
observed in perfect graphite crystals and only appears in the presence of disorder.36 The peak integrated 
intensity ratio of the D band to the G band (D/G) for HC is estimated to be 1.78, indicating that most of 
carbon species in the HC are amorphous.7,37 
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Figure 3.1. Characterization of HC. a) Carbonization of agarose polymer; b) SEM image of as-
synthesized HC; c) XRD pattern and d) Raman spectrum of as-synthesized HC.  
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 3.3.2. Electrochemical performances of the HC 
A series of electrochemical characterizations were carried out to investigate the electrochemical 
properties of the HC electrodes in a coin-type half-cell (2016 R-type). The first discharge and charge of 
HC electrode were carried out in the voltage range of 0.005–2.0 V at a rate of 0.05 C (corresponding to 
17 mA/g), as shown in Figure 3.2a. The discharge and charge capacities reach 667.6 and 501.2 mAh g-
1 with the initial coulombic efficiency (ICE) of 75.1%. Reactions between lithium ion and hard carbon 
are observed from 1.25 V to 0.15 V in the first cycle of the HC and the low voltage plateau appeared 
under 0.1 V.  
This characteristic behaviour of the HC during the first cycle is correlated to their disordered and 
microporous structure.38,39 Dahn et al. suggested that the inserted lithium in hard carbon could transfer 
part of its 2s electron (in a covalent bond) to a neighbouring hydrogen. This would cause changes in the 
relative atomic positions of the C and H, resulting in the hysteresis.40 The low voltage plateau, occurring 
under 0.1 V, has been explained by the formation of lithium metal clusters inside the nanopores.41 The 
HC shows stable cycle retention at 0.2 C (corresponding to 66 mA g−1) as well as excellent rate 
capability even at a very high rate of 20 C (corresponding to 6600 mA g-1) (Figure 3.2b and c). Notably, 
even after 500 cycles at various discharge/charge rate (0.2/0.2 C, 10/10 C, 20/20 C), specific capacity 
of 316 mAh g-1 is obtained with retention of 95.2 % with high CE (approximately 99.9%). Moreover, 
HC shows significantly improved high rate capability at rates of 3-20 C, compared to natural graphite 
(Figure 3.2d). These outstanding cycling performance and superior rate capability of the HC may be 
mainly attributed to the nanoporous structure which provides much shorter diffusion pathways with 
lithium ions.42 
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Figure 3.2. Electrochemical performances of the HC anode. (a) First discharge/charge curves of the 
HC at a rate of 0.05 C between 0.005 V and 2.0 V; the cycle performances of the HC (b) at a rate of 0.2 
C discharge/charge, and (c) at various discharge/charge rates (0.2 C, 10 C, and 20 C) between 0.01 V 
and 2.0 V; (d) Rate capabilities between HC and natural graphite (the same discharge/charge rate from 
1 to 20 C). 
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 3.3.3. Synthesis and characterization of the HC@c-Si@a-Si  
As-prepared HC particles were coated by a-Si through CVD using silane (SiH4) as the Si precursor 
(Schematic illustration in Figure 3.3a). To verify this structure, SEM and focused ion beam (FIB) 
experiments were carried out. Amorphous Si uniformly covers the surface of the HC and thickness of 
a-Si layer is about 50 nm (Figure 3.3b and c). Furthermore, the elemental mapping image taken from 
Figure 3.3d clearly shows elemental distribution of carbon core and Si shell in the HC@a-Si. From 
these results, we may conclude that the HC@a-Si was successfully synthesized by combining high-rate 
HC with high-capacity Si. However, when the a-Si layer in the outermost region is exposed to 
electrolytes during the battery operation, a serious side reaction may occur. Therefore, we introduced 
very thin carbon layers on the surface of the HC@a-Si by thermal decomposition of acetylene gas at 
900 oC for 3 min.  
Advantages of carbon coating layer on the Si surface are well-known in other reports.43,44 Briefly, 
the carbon coating can improve the electrical conductivity of Si particles and make a stable SEI layer 
on the Si surface. Notably, a-Si can be partially transformed to c-Si above 600 oC.45-47 Thus, as a result 
of the carbon coating at 900 oC, we successfully synthesized carbon coated c-Si@a-Si encapsulated HC 
(HC@c-Si@a-Si) particles. To understand the morphology and microstructure of the HC@c-Si@a-Si, 
high resolution transmission electron microscopy (HR-TEM) was used. The thickness of the c-Si@a-
Si layer is about 50 nm and uniformly covers the HC particles (Figure 3.4a). The high-magnification 
TEM images further reveal that the nanodomains of crystalline silicon with an interlayer spacing of 
0.310 nm (111) are uniformly dispersed in the a-Si regions and the thin carbon coating layer (about 3 
nm) is also observed (Figure 3.4b). The element analysis showed that HC@c-Si@a-Si consists of 20 
wt % of Si and 80 wt% carbon. 
XRD patterns and Raman spectra of the HC@c-Si@a-Si particles also support the presence of 
nanodomains of crystalline Si, as confirmed by HR-TEM. Figure 3.4c shows the XRD patterns of the 
HC@a-Si particles before and after carbon coating process. The peaks due to Si diffractions are clearly 
observed in the XRD pattern of the carbon coated HC@c-Si@a-Si. On the contrary, very broad peaks 
corresponding to amorphous Si are detected in the HC@a-Si sample. Crystallite size of c-Si can be 
calculated using the Scherrer equation.48 The average size of the crystalline domains is calculated by 
Scherrer formula (1): 
 
(1)  
 
Where Ƙ is a dimensionless shape factor, λ is the X-ray wavelength, β is the line broadening at half the 
maximum intensity, and θ is the Bragg angle. From the Scherrer formula, crystallite size of c-Si 
dispersed in a-Si layer is about 19.01 nm.  
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In Raman spectra, as the crystallization of the a-Si proceeds, peak intensity of Si is significantly 
increased, indicating that nanodomains of the c-Si were created in the a-Si phase (Figure 3.4d). 46,49 
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Figure 3.3. Characterizations of as-prepared HC@c-Si@a-Si particles. (a) Schematic illustration of the 
HC@c-Si@a-Si, (b) SEM image of HC@c-Si@a-Si (inset: magnified SEM image showing Si coating 
layer in the HC@c-Si@a-Si particle. Scale bar in the inset is 100 nm.), (c) FIB-sectioned SEM image 
of the HC@c-Si@a-Si particle, (d) Energy dispersive X-ray mapping image of HC@c-Si@a-S particle. 
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Figure 3.4. HR-TEM images of (a) the HC@c-Si@a-Si after carbon coating; (b) the TEM image 
magnified from red box seen in (a) (inset: The Fast Fourier-Transform (FFT) image showing 
polycrystalline Si); (c) XRD patterns of the HC@Si before and after carbon coating, (d) Raman spectra 
of the HC@a-Si before and  after carbon coating. 
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 3.3.4 Electrochemical performances of the HC@c-Si@a-Si  
The electrochemical properties of the HC@c-Si@a-Si were comparatively tested against 
HC/carbon coated nano-sized crystalline Si (~100 nm) composite (denoted as HC/n-Si). Carbon coating 
of n-Si was conducted via thermal decomposition method of acetylene gas at 900 °C for 3 min in the 
same way as the HC@c-Si@a-Si and thin carbon coating layer on n-Si (about 5 nm) is shown in TEM 
images (Figure 3.5). 
Figure 3.6a shows the first discharge/charge curves in the voltage window of 0.005–2 V (vs. Li/Li+) 
at a rate of 0.05 C (corresponding to 33 mA g-1). The discharge capacity and charge capacity of the 
HC@c-Si@a-Si electrodes are 964.2 and 794.9 mAh g-1 with 82.4 % of ICE. In case of the HC/n-Si 
electrodes, the discharge and charge capacity are 1025.53 and 821.2 mAh g-1, respectively, with 80.0 % 
of ICE. Both electrodes show stable cycle retention at a low rate of 0.2 C discharge/charge. Whereas 
under the high rate of 1 C discharge/charge, the HC@c-Si@a-Si electrodes showed much more 
improved cycle retention than the HC/n-Si electrodes (Figure 3.6b and c). The capacity retention of the 
HC@c-Si@a-Si electrodes was 97.8% compared to the first cycle, while the HC/n-Si electrodes 
exhibited capacity retention of 81.6% after 200 cycles at a rate of 1 C discharge/charge. 
Moreover, rate capabilities of both HC@c-Si@a-Si and HC/n-Si electrodes were examined at 
various discharge/charge rates (0.2 C-20 C), as shown in Figure 3.6d. The HC@c-Si@a-Si electrodes 
show superior rate performance at various rates (the same discharge/charge rate) without notable 
capacity fading at each rate section and especially maintain far more improved capacity than the HC@n-
Si electrodes under very high rates (10 C-20 C). Furthermore, when the rate is changed from 20 C back 
to 0.2 C, the specific capacities are almost fully recovered to its initial capacity at a rate of 0.2 C. Such 
an outstanding cycle retention and rate capability of the HC@c-Si@a-Si electrodes may be explained 
by its components and structure. First, most parts of the Si shell in the HC@c-Si@a-Si was composed 
of the deformable a-Si. Cui’s group reported that the critical size for fracture of the a-Si is much larger 
than c-Si.31 They observed that the critical size of c-Si spheres for facture was 150 nm in diameter and 
they also observed no fracture of a-Si spheres up to 870 nm in diameter. Their results indicate that a-Si 
is more deformable than c-Si. In our experiments, the thickness of the a-Si layer of the HC@c-Si@a-Si 
is only about 50 nm. Furthermore, the average size of the c-Si nanodomains is approximately 20 nm 
which is much smaller than critical fracture size of the c-Si spheres (150 nm in diameter) and they finely 
dispersed in the deformable a-Si layer. Thus, the Si layer of the HC@c-Si@a-Si is well maintained 
without a significant pulverization during the cycling. Second, the micron-sized HC@c-Si@a-Si 
particles have less chance to be isolated from conducting agent and binders than separated nano-Si 
particles in the HC/c-Si composites. In SEM image of the HC/n-Si electrodes, carbon coated n-Si 
particles are separated from the HC particles, while the shape of the HC@c-Si@a-Si particles is well 
preserved (Figure 3.7). It is well known that the capacity fading of Si anode is caused by pulverization 
of Si particles, and thereby creation of electrically isolated secondary particles.1 As shown in Figure 
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3.4a, amorphous Si is conformally coated on the surface of HC and maintains the structural integrity of 
the HC@c-Si@a-Si. This ideal structure prevents particles from pulverization during cycling even at 
the high current densities. From those results, the combination of the high rate HC particles and the 
high capacity c-Si@a-Si layers leads to the outstanding electrochemical performances including a high 
specific capacity, a long-term cycling stability, and good rate capabilities.  
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Figure 3.5. The HRTEM images of a) the carbon coated nano-sized crystalline Silicon (n-Si, ~200 nm), 
b) the magnified n-Si with carbon coating layer of about 5 nm) 
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Figure 3.6. Electrochemical performances of HC@c-Si@a-Si electrodes. (a) First discharge/charge 
curves of the HC@c-Si@a-Si and HC/n-Si at a rate of 0.05 C between 0.005 V and 2.0 V; Cycle 
performances of HC@c-Si@a-Si and HC/n-Si at a rate of (b) 0.2C and (c) 1C discharge/charge; (d) 
Rate capabilities of HC@c-Si@a-Si and HC/n-Si (the same discharge/charge rate was used from 1 to 
20 C). 
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Figure 3.7. The SEM image of pristine electrodes of a) the HC@c-Si@a-Si electrodes and b) the 
magnified HC@c-Si@a-Si electrodes; The SEM image of pristine electrodes of a) the HC/n-Si 
electrodes and b) the magnified HC/n-Si electrodes. 
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In addition to electrochemical properties of Si-based anode materials, volume expansion of the 
electrodes is one of the critical factors to use in practical LIB applications.50,51 Figure III-8 shows cross-
sectional SEM images of both HC@c-Si@a-Si and HC/n-Si electrodes after 200 cycles at a rate of 1 C 
discharge/charge. As-expected, the HC@c-Si@a-Si electrodes show a significantly reduced volume 
expansion (53%), compared to that of the HC/n-Si electrodes (100%). It can be explained that the Si 
shell of the HC@c-Si@a-Si particles is effectively maintained without detachment from the HC core. 
On the contrary, n-Si particles (~200 nm in diameter) are only composed of crystalline Si and they are 
already separated from the HC in the HC/n-Si electrodes before cycling. Therefore, the n-Si particles 
undergo more severe pulverization and they are easily detached from the HC than a-Si. As a result, the 
volume expansion of the HC@c-Si@a-Si electrodes is much smaller than the HC/n-Si electrodes. 
To further investigate the superior rate capabilities of the HC@c-Si@a-Si electrodes, 
electrochemical impedance spectroscopy (EIS) was conducted. The Nyquist impedance plots are 
obtained after 1st and after 200th cycle for each sample (Figure 3.9). The semicircle appearing in the 
high-frequency region is attributed to the existence of contact resistance by the formation of SEI layer.52 
The medium-frequency semicircle is assigned to the charge transfer resistance, and the straight line in 
the low-frequency region corresponds to the mass transfer of lithium ions.53,54 The SEI film resistance 
(RSEI) and charge-transfer resistance (Rct) of the HC@c-Si@a-Si electrodes are smaller than those of 
HC/n-Si electrodes both after 1st and 200th cycle at a rate of 1C. The results indicate that the HC@c-
Si@a-Si formed and maintained more stable SEI layer than HC/c-Si. Therefore, the structure of the 
HC@c-Si@a-Si is more suitable for the Li+ diffusion. 
To confirm the effectiveness of the HC@c-Si@a-Si for practical use in LIB applications, the 
cycling and rate performance of the HC@c-Si@a-Si was conducted using coin-type (2016 R-type) full 
cells. LiCoO2 was used as cathode materials in the full-cell test. The voltage profiles of the 
LiCoO2/HC@c-Si@a-Si and LiCoO2/HC/n-Si cells at a rate of 1 C charge/discharge in the range of 
2.3–4.1 V are displayed in Figure 3.10a and b. The LiCoO2/HC@c-Si@a-Si cell shows very slow 
degradation of its capacity during cycling. On the other hand, capacity of the LiCoO2/HC/n-Si cell is 
rapidly reduced after few cycles. Figure 3.10c is the long term cycling performance of the full cells at 
a rate of 1C discharge/charge in the range of 2.3–4.1 V. The capacity retention for the LiCoO2/HC@c-
Si@a-Si cell is 80% after 160 cycles. Meanwhile, the LiCoO2/HC/c-Si cell shows more severe 
degradation of its capacity and only 52% of capacity retention is obtained after 160 cycles at the same 
rate. Similar aspects obviously appear in the rate performance test under at various rates ranging from 
0.5 C to 15 C discharge/charge as well (Figure 3.10d). The LiCoO2/HC@c-Si@a-Si cell shows much 
improved capacity retention under high current density and almost fully recovers to its initial capacity 
at a rate of 0.2 C after cycling at a rate of 15 C discharge/charge. These results are consistent with the 
results of above the half-cell test.  
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Figure 3.8. Characterization of volume expansion. Cross-sectional SEM images of pristine electrodes 
((a) HC@c-Si@a-Si electrode and (c) HC/n-Si) and electrodes after 200 cycles ((b) HC@c-Si@a-Si 
and (d) HC/n-Si). 
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Figure 3.9. Nyquist plots of the electrochemical impedance spectra of HC@c-Si@a-Si and HC/n-Si. a) 
after 1st cycle, and b) after 200th cycles at a rate of 1C. 
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Figure 3.10. Electrochemical performances of the LiCoO2/HC@c-Si@a-Si and the LiCoO2/HC/c-Si 
full-cells. Variation in the charge/discharge profiles of a) the LiCoO2/HC@c-Si@a-Si and b) the 
LiCoO2/HC/n-Si full cell during cycling; c) Cycle performances at a rate of 0.2 C discharge/charge and 
d) rate capabilities of both electrodes. The same discharge/charge rate was used from 0.2-20 C between 
2.3–4.1 V. 
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3.4. Conclusion  
 
 We have demonstrated that nanocrystalline Si dispersed in a-Si encapsulating hard carbon (HC@c-
Si@a-Si) showed significantly improved cycle retention and superior rate capability as potential anode 
materials for LIBs. The hard carbon was derived from simple carbonization of natural polysaccharide 
(agarose) and subsequently coated by a-Si through CVD using silane (SiH4) gas. In order to enhance 
electric conductivity and make stable SEI layer of the HC@a-Si, carbon coating was conducted via 
thermal decomposition method of acetylene, and meanwhile, c-Si nanodomians were naturally formed 
and uniformly dispersed in a-Si layer. This HC@c-Si@a-Si core-shell structures combine high capacity 
provided by c-Si@a-Si with the high electrical conductivity, long cycle life, and excellent rate 
performance of the hard carbon. In the electrochemical test, HC@c-Si@a-Si retained its capacity of 
97.8% (versus the first cycle) after 200 cycles at a rate of 1 C discharge/charge and showed high capacity 
retention (54 % of its reversible capacity at 0.2 C rate) at a rate of 5 C discharge/charge. Furthermore, 
thin c-Si@a-Si layer uniformly covered the surface of HC was well maintained during the cycling, 
resulting in a significant reduction of volume expansion (53%). In order to apply for real battery 
application, the full-cell test was conducted. The LiCoO2/HC@c-Si@a-Si full-cell delivered more than 
half of its capacity at a rate of 10 C discharge/charge and showed more stable cycle retention of 80 % 
after 160 cycles at a rate of 1 C discharge/charge. This effective strategy may be extended to other 
anodes materials for next generation LIBs. 
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SUMMARY IN KOREAN 
 
본 연구에서는 천연다당류의 일종인 아가로즈를 이용한 고용량 활물질을 위한 친환
경 수계 바인더와 고성능 실리콘/하드카본 복합 음극활 물질이 제조 되었다.  
먼저 천연 다당류를 통해 만들어진 친환경 수계 바인더는 실리콘 표면에 안정적인 
활물질-전해액 계면을 형성하는 동시에 활물질과 집전체와 사이의 강력한 바인딩 능력을 
가질 수 있게 해주는 것으로 확인 되었다. 천연 다당류의 일종인 아가로즈는 표면에 하
이드록실 그룹이 풍부하고 90도 정도에서 물에 용해한 후 냉각 시 하이드로젤을 만들어 
드라이된 상태에서 매우 포러스한 구조를 유지한다. 표면의 풍부한 하이드록실 그룹은 
실리콘 활물질과 수소결합을 할 수 있을 뿐만 아니라 폴리아크릴산을 첨가하면 가열, 건
조과정을 통해서 실리콘 활물질 또는 집전체 표면과 공유결합을 형성하여 결과적으로 실
리콘 활물질이 전극에 잘 접착 될 수 있도록 해준다. 이로 인해 셀의 안정적인 싸이클 
리텐션이 유지 되었고 고율 충방전에서도 기존의 바인더 보다 우수한 성능을 나타내었
다. 특히 친환경 수계 바인더를 사용한 셀은 80 싸이클 후에도 높은 가역 용량 (2010 
mAh g-1)을 나타내었다.  
아가로즈는 탄화 되어 활물질로 사용될 경우 마이크로 포러스한 구조를 가진 하드카
본이 되고 이로 인해 매우 우수한 고율특성과 싸이클 특성을 나타낸다. 무정형 실리콘은 
높은 가역용량을 가지면서 충전 시 부피팽창이 특정방향이 아니라 전 방향으로 고르게 
일어나기 때문에 결정성 실리콘과 다르게 수 백 나노 정도의 입자 크기를 가지고 있어도 
부서짐이 잘 일어나지 않는다. 이 두 가지 물질의 장점들을 결합하여 하드카본 코어 무
정형 실리콘 쉘의 형태의 음극 활물질이 합성되었다. 하드카본에 실란 가스를 CVD 
(Chemical vapor deposition) 하여 하드카본 무정형 실리콘 복합체를 만들고 표면의 계
면 안정화를 위해서 아세틸렌 가스로 얇은 카본 층을 도입하여 주었다. 이때 고온 (900 
도)에서 아세틸렌 가스가 CVD 되기 때문에 무정형 실리콘 층이 부분적으로 결정화가 일
어난다. 이때 결정화 되는 정도를 잘 조절하여 나노 결정성 실리콘 도메인들이 균일하게 
무정형 실리콘 층에 분산되어 있는 하드카본 실리콘 복합체가 제조 되었다. 이 하드카본 
실리콘 복합체는 1 C 에서 200 싸이클 후에도 매우 우수한 싸이클 리텐션 (97.8 %)을 나
타내었고 고율 충방전 (5 C) 에서도 0.2 C 대비 54 % 정도의 우수한 용량 유지율을 보였
다. 더욱이 LiCoO2 를 양극으로 한 풀셀 테스트에서도 단순 실리콘 카본 복합체보다 매
우 우수한 싸이클 리텐션과 고율 충방전 성능을 나타내었다. 
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너의 웃음 소리는 계속 기억에 남을 것 같구나. 남은 석사과정 마무리 잘하고 좋은 일 
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란다. 나에게 처음으로 리튬배터리 만드는 법과 분석을 알려준 준영아, 같이 열심히 실
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